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IlPTRODUCTION AW) slJmmY 

Par t  of the research program of the W r a u l i c  Laboratory has 
been the development of an impact-type s t i l l i n g  basin f o r  use on rela-  
t ive ly  small canal structures. This basin, originally developed f o r  
structures on the Franklin Canal, Missouri River Basin Project, Bostwick 
Division, has been generalized through the cooperation of the Canals 
Branch engineers f o r  use on other canal systems, as  discussed i n  Hydrau- 
l i c  Laboratory Report no. Hyd-399, S t i l l i ng  %sin VI. A s  a resul t ,  w e l l  
over 300 basins of this type have been designed and a considerable number 
have already been bu i l t .  Since the design i s  novel, and since a great  
m y  sizes  of structures have been ut i l ized,  operating experiences with 
the  structures, compared t o  the predictions made from the hydraulic 
model tests, are  of interest .  However, only a few basins are known t o  
have operated, and only two are known t o  have been subjected t o  a major 
t e s t .  

The general design rules  developed f o r  Stillinrg'Basin VI cover 
the determination of the s t ruc turefs  s ize and dimensions, and the general 
method of placement of riprap, but do not indicate the size of r iprap t o  
be used. Operation of the two prototype basins discussed in  t h i s  report 
provided an opportunity t o  study the riprap problem. A s  a result ,  tents-  
t i ve  reconrmendatiods f o r  the minimum size of riprap t o  be used on these 
o r  other structures can now be presented. 

IEFWENCE MATERIAL 

Data and photographs of the prototype performance of the two 
s t i l l i n g  structures were taken from the report "Structural Behavior of 
Picacho Arroyo Control Works, Storm Runoff, August 20 and 21, 1954," by 
John B. Delaney, September 16, 1954. This report is available from the 



urrlce,  1)enver. Data and photographs of the model- performance were 
taken from Hydraulic Laboratory Reports No. ~yd-398, -399, and from 
unwblished data i n  the laboratory f i l e s .  The control structures 
discussed, are part  of the Picacho Arroyo System, Rio Grande Project, 
New Mexico-Texas, and are described i n  Specifications Nos. DC-3856, 1 

DC-3934, and DC-4002, Bureau of Reclamation. 

PROTOTYPE STRUCTUmS 

The Picacho South Dam outlet  works' structure, designed f o r  a 
maxjimum discharge of 165 second-feet, i s  shown on Figure 1. The dimen- 
sions agree closely with those recommended from the hydraulic model 
t e s t s ,  Figures 2 and 3. (~n te rpo la te  between 151 and 191 i n  Column 3 
of Figure 3. ) The Picacho North Branch Dam out le t  works, Figure 4, 
designed f o r  a maximum discharge of 275 second-feet, was also constructed 
according t o  the hydraulic model t e s t  recommentions. (Compare dimen- 
sicma i n  Figure 4 with values interpolated between 236 and 339 i n  Colunm 
3 of Figure 3.) The design c r i t e r i a  f o r  structures of this type are 
discussed i n  Hydraulic Laboratory Report No. Hyd-399. 

I 
PROTOTYFE PERFORMANCE 

Rain over Picacho watershed of abaut 0.5 iuch produced the'. 
f i r s t  major lun of the control works. Flow thmagh the tuo ungated 
detention dams, known as the North and South Dams, s tar ted  about 5 p.m. 
on August 20 and continued f o r  a h s t  24 hours. Flow from the detention 
dams was discharged through the impact-type s t i l l i n g  structures described 
above. The combined t o t a l  discharge a t  both dams w a s  i n  excess of 400 
acre-feet. Follawing the storm, high water elevations were obtained in  
the ponding basins behind the dams, and from design data the following 
infoxmation is indicated: 

North Dam South Dam 

Maximum water surface .elevation, f t  3938.0 3941 .O 
Acre-feet impounded on August 20, 1954 125 110 
High water elevation on August 20, 1954, f t  3920 3 3931.4 
Intake elevation, f t  3911.0 3921-0 
Head on intake on August 20, 1954, f t  9.3 10.4 
Maximum head on intake, f t  27.0 20.0 
Maxhnm discharge i n  second-feet 275 165 
High discharge on August 20, 1954, sec-ft  210 130 
Percent of maximum discharge on August 20 80 80 



North Dam South Dam 

Elevation of s t i l l i n g  basin floor,  f t  
Maxinatm head on outlet ,  f t  
Head on August 20, 1954, f t  
Maximum estimated velocity, f t /sec 
Maximum estimated velocity on August 20, 1954 
Cr i t i ca l  velocity over end s i l l  on August 20, ft/raec 
Vel.ocity s t r iking riprap August 20, f t /sec 

The North and South Dams control f a c i l i t i e s  provided flood pro- 
tect ion up t o  the degree f o r  which they were constructed. Flow through 
the s t i l l i n g  basins was observed t o  be satisfactory i n  t h a t  the basins 
dissipated the energy of the incoming flow as expected and discharged 
the flow in to  the downstream channel i n  a well-distributed pattern. 
Flow leaving the North Dam out le t  washed out the riprap b e l m t h e  s t i l l -  
ing basin, however, and undercut the structure t o  a depth of about 2 
fee t .  A detailed acccmnt of the performance and scour-preventive 
measures are discussed i n  the following sections. 

MODEL-PROTOTPPE c(X4PmsoIV 

The North Dam and the out le t  works structure a- shown i n  
Figure 5. Opemtion at 80 percent of m i n n u n  discharge, 210 second-feet, 
i s  shown i n  Figure 6 along with the model operating under very similar 
conditions. Figure 7 shows the erosion below the prototype a f t e r  the 
August 20 flood and the erosion i n  the model fox the maximum discharge. 
~ i g u r e  8 shows the  performance of the south   am out le t  structure a t  
80 pcrcent of ma.ximm discharge, 130 second-feet, and the model operat- 
ing under similar conditions. Figure 9 shows the channel below the 
South Dam outlet .  

From the photographs it i s  apparent that the agreement between 
model and prototype i s  excellent. The photographs show the rcemarkable 
s imilar i ty  in  the model and prototype f l o w  patterns leaving the out le t  
s tmctures .  Closer inspection i s  necessary, however, t o  show similar i ty  
with regard t o  scour below the model and prototype structures. The 
model photograph, Figure 7, shows the scour depth and extent when there 
w a s  no riprap protection provided i n  the channel. The ma-gravel used 
i n  the model w a s  considered t o  be an erodible bed. The contours, vis ible  
as  white l ines,  show .that the erosion depth was 19/26 of the sill height 
below apron elevation. Since the prototype . s i l l  height is  31.5 inches, 
scour depth i n  the prototype without riprap protection, should be about 
23 inches below apron elevation. This compares very favorsbly with the 
2 f ee t  measumed in the prototype. The more general erosion which 
occurred ia the prototype is probably due t o  the higher velocity enter- 
ing the prototype s t i l l i n g  basin. The estimated velocity (based on 



1 calculations) of 37 f ee t  per second i s  greater than the u p p r  velocity 
l imit ,  30 f ee t  per second, used i n  the model t e s t s  and reconmended f o r  
the upper l i m i t  i n  prototype structures of t h i s  type. Larger riprap 
would have prevented the erosion. 

I According t o  Specifications No. DC-3856 the riprap below the , 
out le t  "* * * sha l l  consist of durable rock fragments reasonably graded 
i n  s ize  * * *" f r o m  1/8 cubic yard. t o  1/10 cubic foot.  The individual 
rocks, therefore, would vary from about 18-inch cubes t o  5-1/2-inch 
cubes, or  i n  weight, f r o m  about 500 pounds t o  1 5  pounds. Although it 
is impossible from the photograph of Figure 7 t o  determine $he s ize of 
riprap i n  the channel at  the s t a r t  of the run, the bank ripkap Indicates 
that there were very few rock pieces of the 500-pound size., The few ' remaining pieces near the man a t  the r ight  seem t o  be in  thb upper s ize 
range and apparently these did not move. I n  the hydraulic model t e s t s  

I made t o  develop t h i s  basin, riprap corresponding t o  9- t o  18-inch cubes 
did not show excessive movement of the rock mass, Figure 10, but did 

1 show some erosion downstream from the end s i l l .  

1 As a fur ther  check on the riprap s ize necessary t o  withstand 
I the erosive forces the curve of Figure 11 indicates the velocity a t  

which individual stones begin t o  move. These data apply s t r i c t l y  t o  
I uniform channels having unifonn velocity distribution; the velocity a t  
I which the  stones begin t o  move i s  the bottom velocity i n  the channel, 

not the average velocity. Using th i s  graph fo r  the case at  hand, the 
c r i t i c a i  s t o ~ e  s ize i s  about 20 inches. This cbecks the equivalent 
9- t o  18-inch stone size,  used i n  the model tes t s ,  t o  a reasonable 
degree since some of the model riprap did move. 

On the basis of the above discussion it appears tha t  a stone 
s ize of 18- t o  20-inch minimum would have been required t o  preve,i v t  move- 
ment of the riprap below the North Dam out let .  To withstand the maximum 
velocity t o  be expected when the structure i s  subjected t o  full head and 
discharge conditions, larger  stones would be required, perhaps 24-inch 
minimum. 

In  contrast t o  the situation a t  the North Dam the riprap at  
the out le t  of the South Dam was relat ively undisturbed, Figure 9. No 
mention of damage o r  recommendation fo r  repairs a t  the South Dam out le t  
is  given by M r .  Delaney i n  his report. Flow conditions below the South 
Dam out le t  are shown in Figure 8. 

The velocity over the end s i l l  of the South Dam basin is much 
lower than at  the North Dam, being on ly  about 5 f e e t  per second. Accord- 
ing t o  the curve of Figure U, the riprap size required would be about 
4 inches. Since the riprap sizes, given i n  Specifications No. DC-4002 
f o r  the South Dam out le t  are the same as f o r  the North Dan outlet ,  the 
stone s ize  In t h i s  case was suff icient ly large t o  r e s i s t  movement. 



RIPRAP SIZE DETJZNCNATION 

A suggested minimum size f o r  riprap is  given by the curve i n  
Figure 11. The curve indicates, over most of its range, tha t  doubling 
the flow velocity leaving a structure makes it necessary t o  provide 
riprap about 4 times larger i n  nominal diameter o r  16 times larger i n  
volume o r  weight. 

The lover portion of the curve is  an average of data reported 
by Du Buat in  1786, Bouniceau i n  1845, Blackwell in  1857, Sainjon i n  
1871, Suchier i n  1874, and Gilbert In 1914. It checks well with resul ts  
of t e s t s  made at  the State University of Iowa by Chitty Ho, Yun-Cheng Tu, 
Te Yun Liu, dnd Edward Soucek. The data were assembled and discussed i n  
a paper "A Rea'praisal of the Beginnings of Bed Movement-Competent 
Velocity" by F. T. Mavis and L. M. Laushey, f o r  the International Associ- 
a t ion f o r  Hydraulic Structures Research, 1948, Stockholm, Sweden. I n  a 
thesis  by N. K. Berry, University of Colorado, 1948, an ident ical  curve 
was determined and an equation f o r  it presented. ;. ' .  

- 
Vb = 2.577/ d . 

Vb = bottom velocity i n  channel in  f e e t  per second 
d = diameter of par t ic le  i n  inches 

In  t h i s  case the specific grazity of the part ic le  i s  2.65. 

Mavis and Laushey proposed an ident ical  equation f o r  use with 
part ic les  of any specific gravity 

Vb = 1/2 7 / d  vs-1 

s = specific gravity of the part ic le  

Rationalization of a l l  the known factors indicates tha t  the 
curve may be d i rec t ly  applicable f o r  the determination of riprap sizes, 
part icular ly since it indicates larger  stone s izes  f o r  the Borth Dam 
out let  than were used and agrees reasonably well with general laboratory 
e m r i e n c e .  Unti l  more data and erperience with t h i s  curve are avail- 
able, the velocity, detelmined by dividing discharge by flow area at  the 
end sill, may be used. Until  the interlocking effect  of the rock pieces 
can be determined, most of the riprap should consist of the s ize  
indicated by the curve. 
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respect t o  the s t i l l i n g  basin.  heref fore, the velocity over the end 
s i l l  i s  considerably lower than the velocity s t r iking the ripmp. For 
the North Dam basin having a s i l l  length of 15.5 feet ,  a c r i t i c a l  depth 
of 1.5 f ee t  over the end s i l l  an6: a discharge of 210 second-feet, the 
c r i t i c a l  velocity would be 7.6 fee t  per second, requiring riprap, 
Figure 11, about 9 inches i n  diameter. Further acceleration of the 

, 

flaw by a drop from the end sil l  to  the t a i l  water surface of 2 fee t ,  
Figure 6, would resul t  i n  a velocity of about 14 f e e t  per second, requir- 
ing r iprap about 30 incheq i n  diameter* Thus, the importance of matching 
the basin elevation t o  -the probable tail water elevation i s  evident. I n  
the case of the North Dam basin, however; the t a i l  water elevation was, 
no doubt, higher before the riprap w a s  l o s t .  

CONCLUSIONS 

The passage of the flood of August 20 t ough the two out let  
works structures of the Picacho Arroyo Control ind ea tes  tha t  the pro- P 
totype performance was a s  predicted by the hydraulic model t e s t s .  These 
s t i l l i n g  basins are of the type "St i l l ing Basin VI," described and 
generalized f o r  simple design and construction i n  Hydraulic Laboratory 
Report No. Hyd-399. Despite t i e  f a c t  that the general design rules 
l imi t  the incoming velocity t o  30 fee t  per second, the North and South 
Dams structures performed very well f o r  velocities computed t o  be abaut 
37 and 32 fee t  per second, respectively, with discharges equal t o  80 
percent of design capacity. TheLon* adverse comment regarding these 
s t ~ u c t u r e s  was the loss of the rlpra:r below the North Dam out le t  works. 

The out let  works structures a% the North and South Dams appear, 
off hand, t o  be of about the same general size, both i n  physical dben-  
sions and in  the quantity of water t o  be handled. On t h i s  basis, 
apparently, riprap s izes  were specified t o  consist of material from 
1/8 cubic yard t o  1/10 cubic foot, f o r  both structures. On the  North 
Dam out le t  works t h i s  material was ent i re ly  removed from the channel 
bottom by outflow having a velocity of about 12 f e e t  per second. Below 
the South Dam out let  works the same material remained i n  place with an 
outflow velocity of about 5 f ee t  per second, considerably lower than at 
the North Dam. It i s  therefore evident tha t  the minimum stone s izes  are 
c r i t i c a l  with respect t o  the velocity below the structure. 

RECOMMENDATIONS 

It is  recommended that riprap sizes fo r  future projects be 
specified using Figure 11 a s  a guide. It is  f e l t  t h a t  t h i s  curve, even 
thuugh it has not been f u l l y  proven, w i l l  provide a s ta r t ingfpoin t  f o r  
development of an accurate method t o  determine minimum stone sizes.  The 
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S E C T I O N A L  E L E V A T I O N  

RIO GRANDE PROJECT-NEW MEXICO-TEXAS 
PICACHO ARROYO CONTROL 

NORTH BRANCH D A M  
O U T L E T  WORKS 







Scour below North Branch Dam outlet works following flood 
of August 20, 1954. Evidence indicates undersize rip-rap. 

Hydraulic model indicates erosion s imi lar  to 
prototype when rip-rap s i z e  is inadequate. 

MODEL-PROTOTYPE COMPARISON 
PICACHO ARROYO CONTROL 







Hydraulic mode l  t e s t s  us ing 9 t o  18 inch 
diameter  (equivalent) s t o n e s  shows  s o m e  
movement  of riprap. 




